The acquired immune deficiency syndrome (AIDS), caused by a retrovirus called human immunodeficiency virus (HIV), has become a pandemic. A knowledge of the rate of nucleotide substitution in HIV and of the history and pattern of spread of the virus is important for understanding the epidemiology and pathogenesis of AIDS and for developing therapies and vaccine strategies. A new model has been developed and used to estimate the substitution rates in various regions in the HIV genome. The rate of nonsynonymous (amino acid-changing) substitution is lowest in the regions coding for the capsid proteins and the reverse transcriptase, being -1.7 X 1 OW3 nucleotide substitutions/site/year.
Introduction
The acquired immune deficiency syndrome (AIDS) was first recognized as a separate disease entity in 198 1 (Gottlieb et al. 1981; Masur et al. 1981; Siegal et al. 198 1) . The syndrome is diagnosed as a severe immune deficiency that usually involves a reduction in the number of helper T lymphocytes and is accompanied by opportunistic infections such as Pneumocystis carinii pneumonia or by malignancies such as Kaposi sarcoma. It is now known that the etiologic agent of AIDS is a retrovirus originally named human T-lymphotropic virus III (Gal10 et al. 1984 )/lymphadenopathy virus (LAV) (Barr6Sinoussi et al. 1983 ) but now referred to as human immunodeficiency virus (HIV) ). There is now evidence that HIV can also cause disorders of the central nervous system known as AIDS-related subacute encephalopathy (see, e.g., Gallo 1987; Koyanagi et al. 1987 [and references therein] ).
AIDS seems to have originated in central Africa, perhaps as recently as the 1950s but has spread to at least 74 countries (Quinn et al. 1986 ). More than 46,000 cases 314 Lietal. have been reported in the United States, nearly 3,000 cases in other countries of the Americas, and more than 3,000 cases in Europe (Quinn et al. 1986; Center for Disease Control 1987) . The disease is apparently more prevalent in central Africa (Quinn et al. 1986 ), though no good statistic is currently available for that region. Worldwide, at least several million people may have been infected by the virus and as many as lo%-30% of the infected individuals may develop AIDS within the next 5-10 years (Blattner et al. 1985; Curran et al. 1985; Goedert et al. 1986; Quinn et al. 1986 ). Thus, AIDS has become a great pandemic.
We are interested in some important issues in understanding the epidemiology and pathogenesis of AIDS, as well as in developing therapies and vaccine strategies. One issue is the rate of nucleotide substitution in various regions of the HIV genome. Presumably, the rate of change in certain regions of the genome determines the rate of change in viral pathogenicity and antigenicity (Benn et al. 1985; Rabson and Martin 1985; Ratner et al. 1985~; Wong-Staal et al. 1985; Coffin 1986; Hahn et al. 1986; Gallo 1987) . Further, knowledge of the substitution rates is required for estimating the dates of divergence between HIV isolates. So far only rough estimates of the substitution rates in HIV have been published Yokoyama and Gojobori 1987) . Here we propose a model for obtaining better estimates.
Another issue is the possibility of recombination between different HIV strains. Such a recombination may produce a new strain and may affect viral pathogenicity and antigenicity (Coffin 1986) .
A third issue is the evolutionary history of the AIDS virus (Benn et al. 1985; Rabson and Martin 1985; Ratner et al. 1985~; Quinn et al. 1986; Gallo 1987) . This includes questions such as how long the virus has existed in Africa and when the virus was introduced into a particular country, e.g., the United States. Two types of data are useful for resolving such questions: epidemiologic data (Pape et al. 1983 (Pape et al. , 1985 Curran 1985; Quinn et al. 1986 ) and nucleotide sequence data (Rabson and Martin 1985; Ratner et al. 1985a; Alizon et al. 1986 ). For example, available epidemiologic data suggest that in 1978 the virus was already present in the U.S. population (Centers for Disease Control 1982) . Unfortunately, epidemiologic data are often not extensive or are of limited use in resolving certain questions. For instance, current data give no clear indication as to whether the introduction of the virus into Haiti occurred before or after the introduction of the virus into the United States (Pape et al. 1983 (Pape et al. , 1985 . Using nucleotide sequence data, one can study the history and pattern of migration of the virus by inferring the dates of divergence and the evolutionary relationships among HIV isolates. Some efforts have already been made in this direction (Alizon et al. 1986; Desai et al. 1986; Starcich et al. 1986; Willey et al. 1986; Yokoyama and Gojobori 1987 ). Here we have constructed a phylogenetic tree of HIV isolates and estimated the dates of divergence between Zairian HIV isolates and the dates of introduction of the virus into the U.S. and Haitian populations.
Relationships among HIV Isolates
We are interested in knowing the phylogenetic relationships among the 15 HIV isolates listed in table 1; to simplify the analysis we have not included partial gene sequences. All the isolates considered are of the HIV-1 type; for HIV-2, see Guyader et al. (1987) . The data sources and the viral genes are described in the footnotes of tables 1 and 2. Table 2 shows the number of nucleotide substitutions per site in the env gene between each pair of isolates. This number is the weighted average of the numbers of substitutions per synonymous site (yS) and substitutions per nonsynon- Alamos, NM 87545). Some of the isolate names used are different from those given in the original papers; e.g., we use ELI instead of LAVEU (Alizon et al. 1986 ). The dates of isolation were taken from the references given below. BRU, also known as LAV, was taken from a Frenchman, whose last trip to New York was in 1979 (Barre-Sinoussi et al. 1983) . RF (HAT) was isolated from a Haitian man in Philadelphia Hahn et al. 1986 ); WMJl, WMJ2, and WMJ3 were isolated from a Haitian child in Miami ; the dates of isolation were provided by Dr. W. P. Parks). Further information is available for all isolates: 23 (Benn et al. 1985; Willey et al. 1986 ); 26 (Srinivasan et al. 1987) , ELI and MAL (Alizon et al. 1986 ); CDC (full name: CDC451) (Desai et al. 1986 ); BRU (LAV) (Barre-Sinoussi et al. 1983; Wain-Hobson et al. 1985) ; BHlO, BH8, and HXB2 (Ratner et al. 1985b ); PV22 (H9) (Muesing et al. 1985; Wang-Staal et al. 1985) ; SF2 (ARV) (Sanchez-Pescador et al. 1985) ; RF (HAT) (Starcich et al. 1986 ); and WMJl, WMJ2,and WMJ3 ). The genes used were the following: gag (groupspecific antigens), which encodes the capsid proteins; pol (polymerase), which encodes the reverse transcriptase; sor (short open reading frame), which encodes a protein that is essential for viral infection (Strebel et al. 1987) ; ~27 (3' open reading frame), which encodes a protein of unknown function;
tat (tram-activator) and art (anti-repression transactivator), which encode small proteins that regulate the expression of viral genes (Feinberg et al. 1986; Goh et al. 1986 Goh et al. , 1987 Rosen et al. 1986; Sodroski et al. 1986 ); env (envelope), which encodes a glycoprotein precursor containing three functional segments-the signal peptide, the outer-membrane protein (gp120), and the transmembrane protein (gp42).
ymous site (KA) ; the weights used are the number of synonymous sites and the number of nonsynonymous sites in the two sequences compared (see table 2 footnote). We consider this average number because it has a smaller SE than do Ks and KA. In inferring the phylogenetic relationships among isolates, we used three methods: the unweighted-pair-group (UPGMA) method (Sokal and Sneath 1963 ), Li's (198 1) method, and the neighbor-joining (NJ) method (Saitou and Nei 1987) . All three methods led to the same branching order for the African sequences 23, MAL, ELI, and 26 shown in figure 1 . Also, all three methods suggested the clustering (WMJ3[WMJ2, WMJ 11) for the WMJ sequences (WMJ*) ( fig. 1 ). The branching order for RF, WMJ*, CDC, and SF2 shown in figure 1 was based on the NJ method; the branching order based on the UPGMA method was RF, CDC, WMJ*, and SF2; and that based on Li's method was WMJ*, RF, CDC, and SF2. As noted by previous authors (Rabson and Martin 1985; Ratner et al. 1985a ), SF2, BHlO, PV22, BH8, and HXB2 are closely related to one another, and so the exact branching order of these isolates is not easily NOTE.-The mean percent sequence divergence (below the diagonal) is the average of the number of substitutions per synonymous site and per nonsynonymous site number of such sites in the two sequences compared; a nucleotide site is counted as one synonymous site if all possible changes at that site are synonymous, and it is coun two of the three possible changes are synonymous . The SE (above the diagonal) is computed by Kimura and Ohta's (1972) formula by using the mean perce the proportion of nucleotide differences between the two sequences compared; it is, therefore, only a rough estimate. (see table 1 ); e.g., BH8 is given as BH/83. Although BRU was taken from a French man, it is considered as an American isolate because the subject had probably become infected during his stay in the United States (Alizon et al. 1986 ). RF was isolated from a Haitian man in Philadelphia, and WMJ 1, WMJ2, and WMJ3 were isolated from a Haitian child in Miami. See text for the determination of the branching order. The branch lengths are determined by Li's ( 198 1) method. The number on each branch is the percent sequence divergence.
determined. The UPGMA method suggested that PV22 and BHlO belong to one cluster. Further, the same result was obtained when any of the three methods was applied to any of the distance matrices for the pol, gag, and p27 genes (data not shown). Imposing this condition and using CDC and SF2 as references for making corrections for unequal rates of evolution among HXB2, BRU, BH 10, PV22, and BH8 (Li 1981) , we obtained the branching order shown in figure 1.
The phylogenetic tree inferred suggests the following evolutionary history: divergence among the Zairian isolates was the earliest event; the Haitian sequences (RF and WMJ*) were derived from the African sequences; and the American sequences were later derived from the Haitian sequences. It is interesting to note that all the non-African sequences are monophyletic, suggesting a single introduction of the virus into North America. It is also interesting to note that the three African sequences 26, ELI, and MAL are more closely related to the non-African sequences than to the African sequence 23. Thus, the non-African sequences were probably derived from the common ancestor of 26, ELI, and MAL sometime after the separation of this ancestral sequence from 23.
The history inferred above supports the common belief that AIDS originated in Africa (Benn et al. 1985; Alizon et al. 1986; Quinn et al. 1986; Gallo 1987) . It also supports the view that AIDS spread first to Haiti and then to the United States (Gallo 1987 ). This view is consistent with the facts that the prevalence of AIDS in Haiti is relatively high, that Haitian-Americans are one of the high-risk groups, and that many cases of AIDS among Haitians in Europe have been reported (Pape et al. 1983 (Pape et al. , 1985 Curran et al. 1985; Quinn et al. 1986) . However, other views should also be considered, for two reasons. First, in Haiti the first possible case of opportunistic infection and the first case of Kaposi sarcoma were diagnosed in July 1978 and June 1979, respectively (Pape et al. 1983 (Pape et al. , 1985 , whereas in the United States several cases of Kaposi sarcoma or opportunistic infections in homosexual men were documented in early 1978 (Centers for Disease Control 1982). These data give no clear indication that the AIDS virus was introduced into Haiti before it was introduced into the United States, though one should take into account the less extensive epidemiologic data of AIDS in the former country. Second, RF and WMJ* were taken from two Haitian-Americans rather than from patients in Haiti Starcich et al. 1986 ). Therefore, the virus might have spread from Haitian-Americans to the U.S. and Haitian populations. This possibility, however, is not supported by the fact that estimated incidence rates are much higher in recent Haitian entrants than in Haitians who had entered the United States before 1978 . Another possibility is that the RF isolate has evolved from an American sequence and that the route of spread was from Americans to Haitian-Americans and then to the Haitian population. This possibility is low because the RF isolate is rather different from the American sequences (table 2) and because each of the three methods of phylogenetic reconstruction we used suggested that RF branched off earlier than did the American sequences ( fig. 1) .
A Plausible Case of Recombination
Figure 1 suggests that ELI and 26 are more closely related to MAL than to the non-African sequences. This figure was inferred from the env gene. If the gag, pal, or p27 gene is used instead, then ELI and 26 are more closely related to the non-African sequences than to MAL. This inconsistency suggests that either MAL or the ancestor of ELI and 26 was derived from recombination of different HIV strains. We examine this possibility below. Table 3 shows the percent sequence divergence at synonymous sites (ds) and at nonsynonymous sites (dN) in different genes between isolates. (The five genes considered are listed in the table in the order in which they appear in the HIV genome.) If two isolates have not been involved in any recombination event since their separation, the ds value is expected to be relatively uniform over genes. Indeed, in the comparisons between 26 and BRU or SF2, the ds values do not vary greatly among genes. For example, in the comparison of 26 versus BRU, the ds values in sor, env, and p27 are 26%, 23%, and 20%, respectively, which do not differ significantly from one another. However, for the comparisons between MAL and BRU or SF2, the ds values in env are significantly lower than those in gag, pal, and ~27. One might argue that the lower values could be due to stronger purifying selection against synonymous substitutions in env than in gag, pal, and ~27. But this argument is contradictory to the fact that in the comparisons between ELI and BRU or SF2 the ds values in env are higher than those in gag, pal, and ~27. We note further that in env the ds values are smaller between ELI and MAL than between ELI and BRU or SF2 but that in gag, pal, sor, and p27 the situation is reversed. A simple explanation for the above observations is that the MAL genome is a recombinant-the MAL isolate had actually branched off earlier than did the ancestor of BRU and SF2 but the region extending from the 3' part of the SOT gene to the 3' end of the env gene in MAL was derived in a recent past from a sequence that is more closely related to ELI and 23 than to BRU and SF2. This hypothesis is also supported by the dN values. For example, in env the dN value is smaller between ELI and MAL than between ELI and BRU but in gag, pal, sor, and p27 the situation is reversed.
Recombination between different viral variants has been shown to be an important source of genetic variation in other Temin 1982). It may be especially and presu mably undergoes a large infection. However, so far no case * retroviruses (Coffin 1979 (Coffin , 1986 ; Shimotohno and important in HIV because the virus is cytopathic number of replicative cycles during the course of of recombination in HIV seems to have been reported. Studies based on restriction-enzyme mappi ng have led to the finding of either a single variant or several highly related variants in every AIDS patient, although many of the patients studied were homosexual men from HIV-endemic regions who had hundreds or even thousands of different sexual partners ). It has therefore been suggested that once infected with one AIDS virus, individuals are protected from infection by other AIDS viruses Gallo 1987) . However, there is now evidence for dual infection (Rey et al. 1986; Koyanagi et al. 1987) , and so recombination is possible. Interestingly, the MAL isolate seems to have been derived from a recombination of two markedly different strains. This might have occurred because patient MAL became infected from a blood transfusion (Alizon et al. 1986 ), which might have included markedly differentiated strains from different blood donors. Yokoyama and Gojobori (1987) studied the rates of nucleotide substitution in AIDS viruses under the assumption that the rate of amino acid substitution in the gag protein of the AIDS virus is the same as that in the gag proteins of Moloney murine sarcoma virus and Moloney murine leukemia virus. Here we propose a model ( fig. 2) by which the latter rates can be directly estimated from AIDS virus nucleotide sequences. Suppose that sequence 1 was isolated t years earlier than sequence 2. We assume that once a sequence is isolated no further nucleotide substitution occurs. Let a be the rate of substitution per nucleotide site per year before isolation; the rate is assumed to be constant over time. Let ti be the time and Zi be the expected number of substitutions per site from the ancestral node 0 of sequences 1 and 2 to the time of isolation of sequence i (i = 1 or 2). Then we have
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-II = at2 -atI = at .
(1)
On the other hand, using an outgroup (sequence 3) as a reference, we obtain
where do denotes the number of substitutions per site between sequences i and j. Therefore, we have a = (43 -43)/t .
The variance of a can be obtained by using the formulas in Wu and if one uses the method of Li et al. ( 1985) to estimate do or by using the formulas in Li and Tanimura ( 1987) if one uses the Jukes-Cantor formula to estimate do. Note that one may use multiple references. However, in order to reduce the variance of a the references used should be outgroups closely related to sequences 1 and 2.
The best situation in which to apply our model is when t is relatively long whereas tl is short ( fig. 2) . Obviously, if t is small, 12 -II and d23 -d13 would also be small; then even a small error in the estimation of d 23 -d13 would lead to a large error in the estimation of the substitution rate when formula (3) is applied. However, t should not be too large because it is difficult to obtain a reliable estimate of dij when dii becomes considerably larger than 1 . On the other hand, if tl is long, then II is large and so are the variances of II, 12 -II, and d23 -d13. Thus our model should estimate a better when tl is short.
In applying formula (3) one should avoid repeated use of a sequence. In particular, if, say, sequences A, B, and C were isolated in that order (say, s and t years apart), then B should not be used both as sequence 2 in one comparison and as sequence 1 in another comparison; otherwise, the contribution of B to the average rate could be completely excluded. This can be seen as follows: Suppose that the distances from an outgroup sequence to A, B, and C are lA, lo, and lc, respectively. Then we have a = (ZB -lA)/t when A and B are taken as sequences 1 and 2 and a = (lc -l&s when B and C are taken as sequences 1 and 2. Ifs = t, the average for the two estimates is (1~ -ZA)/(2t). This is equal to the estimate obtained when using A and C as sequences 1 and 2, and so the contribution of B to the average is completely neglected. Obviously, the same conclusion should hold approximately as long as t and s are not very different from each other.
Rates of Nucleotide Substitution
We now apply the model to WMJl, WMJ2, and WMJ3, which were isolated from a Haitian child on October 3, 1984 , January 15, 1985 , and May 3, 1985 , respectively (W. P. Parks, personal communication). First, we consider WMJ 1 and WMJ2 as sequences 1 and 2. Then t is 3.4 mo (0.28 years). We note from figure 1 that the best references would be CDC, SF2, HXB2, BRU, BHlO, PV22, and BH8. However, since HXB2, BRU, BH 10, PV22, and BH8 are very closely related to one another (table 2), we consider them as a single reference and obtain d13 = (0.0668 + 0.0644 + 0.0634 + 0.0639 + 0.0689)/5 = 0.0655, d23 = 0.0675, and dz3 -d13 = 0.0020. If, instead, CDC or SF2 is used as a reference, then d23 -d13 = 0.0024 or 0.0027. The average for the above three values is 0.0024. Putting this and the t value into formula 322 Li et al. (3), we obtain a = 0.0024/0.28 = 8.6 X 10m3 substitutions/site/year.
In the same manner, we obtain a = 3.8 X 10s3 when WMJl and WMJ3 are taken as sequences 1 and 2. The average for these two estimates is 6.2 X 10m3.
Next we apply the model to BRU, SF2, and CDC, which were isolated in early January 1983 , November 1983 , and June 1984 (table 1) . Considering BRU and SF2 as sequences 1 and 2 and using CDC as a reference, we have t = -10.5/ 12 years, dr3 = 0.0678, dZ3 = 0.0744, and a = 7.5 X 1 0e3. Using RF as a reference, we obtain a = 3.6 X 10T3 when BRU and CDC are taken as sequences 1 and 2. (We avoid using the WMJ sequences as references because we are not certain that they are outgroups to CDC and BRU.) The average for these two estimates is 5.6 X 10e3.
The two values 6.2 X 10m3 and 5.6 X low3 are close to each other. We shall take their average, 5.9 X 10b3, as our estimate of the number of substitutions per site per year in the env gene. (This rate lies between the upper and lower bounds obtained by Hahn et al. [ 19861.) We shall take 4.0 X 10m3 and 8.0 X 10m3 as the lower and upper bounds, respectively. As will be seen below, the divergence dates between isolates derived from the rate 5.9 X 10m3 are in good agreement with the dates inferred from epidemiologic data, whereas those derived from the rate 4.0 X 10F3 seem to be slightly too early and those derived from the rate 8.0 X 10M3 seem to be too recent. For these reasons, we have not taken more extreme values as lower and upper bounds. Our lower bound is somewhat higher than the minimum estimate of the substitution rate obtained by Yokoyama and Gojobori (1987) .
In the above we considered the average of Ks and KA instead of Ks or KA because the average is subject to smaller sampling errors. We now consider Ks and KA separately so that we can estimate the synonymous and nonsynonymous substitution rates in various coding regions of the HIV genome. For this purpose we shall compare BH 10 and SF2, because these two isolates have been completely sequenced and because the Ks value between them is relatively uniform over genes, a finding suggesting no recombination with other HIV strains. We first estimate the divergence time between these two isolates. From table 2 we find that in the env gene the number of substitutions per site between BHlO and SF2 is 6.0%. So the total time (tl + t2 in fig. 2 ) allowed for substitutions to occur in either of the two sequences is 0.06/5.9 X 10m3 = 10.1 years; a lower bound for this estimate is 0.06/8.0 X low3 = 7.5 years, and an upper bound is 0.06/4.0 X 10v3 = 15.0 years.
With the above time estimates we can estimate the synonymous and nonsynonymous rates in different coding regions of the genome. For example, in the gag gene the Ks value between BHlO and SF2 is 0.098 and so the synonymous rate is 0.098/ (tr + t2) = 9.7 X 10e3 if tl + t2 = 10.1 years, 6.5 X 10m3 if tl + t2 = 15.0 years, and 13.1 X 10m3 if tl + t2 = 7.5 years. In the same manner we obtain the other rates shown in table 4.
With the exception of the hypervariable regions (envhv) in env, the Ks values in different coding regions are not significantly different from one another (table 4). The average synonymous rate for all coding regions is 10.3 X 1 0v3 (range 6.9 X 1 0m3-13.9 x 10-3).
The nonsynonymous rate varies considerably over regions (table 4) . The most conservative regions are gag (group-specific antigens) and pal (polymerase) (Rabson and Martin 1985; Alizon et al. 1986; Desai et al. 1986 ). In these two regions the KA value is still one-sixth of the average Ks value, unlike the situation in highly conservative vertebrate genes, where the KA value can be as low as one-hundredth of the Ks value . Thus, there is apparently no highly conservative protein-coding gene All 9.8 + 1.9 11.1 -t 1.5 9.2 -t 3.0 7.1 -t 4.2 7.5 t-3.9 8.2 -t 2.3 17.4 -e 4.5 9.9 -t 2.3 9.3 k 1.5 8.0 + 2.6 10.4 I!I 0.9 9.7 (6.5-13.1) 11.0 (7. 4-14.8) 9.1 (6.1-12.3) 7.0 (4.7-9.5) 7.4 (5.0-10.0) 8.1 (5.5-10.9) 17.2 (11.6-23.2) 9.8 (6.6-l 3.2) 9.2 (6.2-12.4) 7.9 (5.3-10.7) 10.3 (6.9-13.9) 1.7 + 0.4 1.6 f 0.3 4.7 +_ 1.1 8.4 + 2.4 6.7 + 1.9 3.3 + 0.7 14.1 +-1.9
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' tat = The first coding region (exon 2) of the tat gene; art = the second coding region (exon.3) of the art gene; gp120 = the gp120 region in the env gene, excluding the hypervariable regions (em&v); envhv = the hypervariable regions in em, which, in BHlO, ; env = the env gene, the regions used being the same as those shown in table 2. For the other regions, see table 1.
in the HIV genome. The gp120 (outer-membrane-protein) region is subdivided into hypervariable regions and conservative regions (e&v and gpl20, respectively, in table 4) (Alizon et al. 1986; Desai et al. 1986; Starcich et al. 1986; Willey et al. 1986 ); compared with other regions in the genome, the nonsynonymous rate is relatively low in the conservative regions but extremely high in the hypervariable regions. The nonsynonymous rate in the gp41 (transmembrane-protein) region, which is the 3' part of the env gene, is the same as that for the entire env gene and is somewhat higher than the average nonsynonymous rate for the HIV genome. The IQ, value (8.4%) for the first coding region (second exon) of tat (a regulatory protein) is higher than those for the other regions except for envhv. However, the high value is probably partly due to sampling effects because in this case the estimate of KA has a large SE and because the KA value for the comparison between CDC and BHlO is only 4.1%. The nonsynonymous rate for sor, whose product seems essential for virus infectivity (Strebel et al. 1987) , is intermediate while those for art (a regulatory protein) andp27 (function unknown) are higher than the majority of the nonsynonymous rates in the other regions. The average nonsynonymous rate for the genome is 3.9 X 10e3 (range 2.6 X 10m3-5.2 X 10w3), which is two to three times lower than the average synonymous rate.
Our estimates for the average synonymous and nonsynonymous rates for the HIV genome are > 1 O6 times greater than the corresponding rates (5 X 10e9 and 1 x 10-9, respectively) in mammalian genes and are at least as high as the rates in other RNA viruses (Holland et al. 1982; Gojobori and Yokoyama 1985; Hayashida et al. 1985; Buonagurio et al. 1986; Saitou and Nei 1986) . Gojobori and Yokoyama (1985) estimated that the synonymous rate in the v-mos oncogene of Moloney murine sarcoma virus is 3 X 10w3, considerably lower than our estimate for the synonymous rate in HIV. In the influenza A virus the average synonymous rate was estimated to be 11 X 1 0w3 (Hayashida et al. 1985) , but this is likely to be an overestimate 6 (10.8-21.6) because the authors took the differences in isolation dates as the divergence times between isolates. Indeed, substantially lower estimates were obtained in two morerecent studies (Buonagurio et al. 1986; Saitou and Nei 1986) , results suggesting that the substitution rates in the influenza A virus are lower than or, at most, equal to those in HIV. The high substitution rates in HIV have been suggested to be mainly due to errors in the reverse transcription from RNA to DNA Coffin 1986; Hahn et al. 1986; Gallo 1987) . As pointed out by other authors (Rabson and Martin 1985; Ratner et al. 1985a; Wong-Staal et al. 1985; Hahn et al. 1986 ), the high substitution rates may result in rapid modification in viral properties such as tissue tropism and sensitivity to antiviral drug therapy. In particular, the extremely high nonsynonymous rate in the hypervariable regions of the env gene may lead to extremely rapid change in viral antigenicity.
Dates of Divergence
To estimate the dates of divergence between isolates we used the Ks values, because our analysis (results not shown) suggests that the rate-constancy assumption holds better for synonymous substitutions than for nonsynonymous substitutions. The synonymous rate in the env gene has been estimated to be 9.2 X 10m3 (range 6.2 X 10e3-12.4 X 10m3) (table 4). For 23 versus MAL, Ks = 0.436, so t, + t2 = 0.436/9.2 X 10H3 = 47.4 years. 23 and MAL were isolated in 1983 and 1985, respectively. Since t2 -tl = 2 years, 2t, = 47.4 -2 = 45.4 years. Therefore, the date of divergence between the two isolates is estimated to be 1983 -45.4/2 = 1960. If the synonymous rate is taken as 12.4 X 10m3 instead of 9.2 X 10m3, then tl + t2 becomes 35.2 years and the date of divergence is estimated to be 1966. All the other dates in table 5 have been obtained in the same manner.
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According to the results shown in table 5, the 23 lineage diverged from the others around 1960. Since the virus should have existed prior to the divergence of the ancestral sequences discussed above, our estimate implies that the virus had existed in Africa before 1960. This is also suggested by serologic surveys of banked sera: the earliest positive response to HIV was found in serum collected from Zaire in 1959, and sera collected from western Africa in the 1960s have shown a high prevalence of weakly positive specimens (Nahmias et al. 1986; Quinn et al. 1986 ). This agreement between the two types of data is of significance because serologic data have often been taken with much reservation (Nahmias et al. 1986; Quinn et al. 1986 ).
The date of divergence between ELI and the ancestor of RF and BH 10 is estimated to be 1969. The ancestors of RF and BH 10 might have remained in Africa for some time after the divergence discussed above, and so the introduction of the AIDS virus into North America might have occurred any time between 1969 and 1975, the estimated date of divergence between RF and the ancestor of BH 10 and CDC. If RF is truly of Haitian origin, the introduction of the AIDS virus into Haiti would have occurred before 1975. This is not incompatible with the fact that no case of AIDS in Haiti was documented before 1978 (Pape et al. 1983 (Pape et al. , 1985 , because only a small proportion (probably lo%-30%) of infected individuals develop AIDS within 5 years after infection (Blattner et al. 1985; Curran et al. 1985; Goedert et al. 1986 Stevens et al. 1986 ). The introduction date could even be before 1975, because the average interval between infection and diagnosis of AIDS is estimated to be >3 years Goedert et al. 1986; Lui et al. 1986; Medley et al. 1987 [and references therein] ).
If we use 6.2 X 10v3 instead of 9.2 X 10e3 as the synonymous rate, then the estimated dates of divergence are earlier. For example, the date of the divergence between the Haitian-sequence RF and the American-sequence CDC becomes 1972, a result suggesting that the introduction of the virus into North America occurred before 1972. This may not be incompatible with the fact that no case of AIDS has been diagnosed in North America before 1978, because the mean incubation period has been estimated to be 8 years for adult AIDS patients infected via blood transfusion and to be longer for transmission via sexual activity (Medley et al. 1987) . On the other hand, divergence dates based on a synonymous rate of 12.4 X low3 seem to be too recent. For example, the date of divergence between the Haitian-sequence RF and the American-sequence CDC is estimated to be 1978, but, as argued above, HIV probably had been introduced into the United States before 1978.
Discussion
In the derivation of formula (3), we have made two assumptions. One is that once a sequence is isolated no further nucleotide substitutions can occur. There is evidence that the chance of mutation in vitro is negligibly small Hahn et al. 1986 ). Furthermore, the mutations that have occurred after isolation are included in II and I;!, and when these are put into equation (1) they should cancel each other at least to some extent. Therefore, this assumption is unlikely to introduce any serious errors.
The other assumption is rate constancy. This assumption should be taken with caution. The infection cycle of the AIDS virus might involve an early "acute" phase followed by a latent phase. The mutation rate would be high in the acute phase because it might be characterized by repeated cycles of transcription and reverse transcription, but it would be low in the latent phase, in which replication is of integrated provirus in infected cells. As the duration of each phase may vary among individuals, so may the mutation rate. However, as can be seen from table 2, the assumption seems to hold reasonably well because, for example, the evolutionary distances from 23 to the other sequences are approximately the same.
Obviously, it is important to know the rates of nucleotide substitution in different genes in the HIV genome, because nucleotide changes in viral genes may give rise to viruses with altered antigenicity, virulence, tissue tropism, or drug sensitivity. We have shown that our model is useful for estimating these rates. At the present time the number of nucleotide sequences to which our model can be adequately applied is small, and so it is difficult to know the reliability of the substitution rates estimated. Nevertheless, our estimates seem reasonable considering how well the divergence dates computed from substitution rates agree with the dates suggested by epidemiologic data.
Our phylogenetic analysis of HIV isolates and estimation of dates of divergence between isolates have shed some light on the evolutionary history of the AIDS virus. This proves the utility of nucleotide sequence data in the study of the history and pattern of migration of the virus. Indeed, these are probably the most useful data for this purpose. For example, they are probably the best data for studying the rate of migration of the virus between populations. As another example, nucleotide sequence data from HIV isolates in Haiti will be most potent for testing the hypothesis that AIDS spread from Haiti to the United States.
